in the control group were sacrificed by cervical dislocation, and the spleen tissues were extracted immediately. Mice in the experimental groups were sacrificed by cervical dislocation and placed in incubators (temperature control range: 0°C-60°C, temperature resolution: 0.1°C; Shanghai Yiheng) at constant temperatures of 10°C, 15°C, 20°C, 25°C, and 30°C. Spleen tissues were extracted according to the time of death (6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66 , and 72 h). The spleen tissue samples were quickly frozen in liquid nitrogen and stored at − 80°C. All procedures were approved by the animal facility and ethics board of our institution.
RNA extraction and purification
For RNA extraction, 0.2 g tissue was thoroughly ground in liquid nitrogen, mixed with 1 ml trizol (invitrogen), vortexed for 10 s, and incubated at 65°C for 10 min to completely lyse the cells. The sample was centrifuged at 10,000 ×g for 10 min at low temperature. The precipitate was discarded, and the supernatant was transferred to a new tube, combined with 0.2 ml chloroform, shaken vigorously for 30 s, incubated at room temperature for 3 min, and then centrifuged at 10,000 ×g for 10 min. The supernatant was transferred to a new tube, and then 0.5 ml isopropanol was added, mixed by inversion, and incubated at room temperature for 5 min. After centrifuging at 10,000 ×g for 10 min at low temperature, the supernatant was removed and 1 ml of 70% ethanol (Diethylpyrocarbonate [DEPC]) was added, followed by vigorous vortexing and then centrifugation at 7500 ×g for 5 min at low temperature. After removing the supernatant, this step was repeated two to three times. The pellet was then solubilized in 100 µl DEPC-treated H 2 O.
For RNA purification, 350 µl BB12 (all gold ER701) was added to the 100 µl of extracted RNA and mixed by vortexing. After addition of 900 µl absolute ethanol and mixing by inversion, the solution was transferred to a spin column and centrifuged at 10,000 ×g for 30 s twice. After adding 80 µl deoxyribonuclease I working solution (all gold ER401) and incubation at room temperature for 15 min. 500 µl WB12 (all gold ER701) was added, followed by centrifugation at 10,000 ×g for 30 s. Then, the effluent was discarded, and this step was repeated once. After centrifugation at 10,000 ×g for 2 min to completely remove residual ethanol, 20 µl RNA solution was added to the spin column, incubated for 2 min at room temperature, and then centrifuged at 10,000 ×g for 1 min to elute the RNA.
Reverse transcription and quantitative polymerase chain reaction
For reverse transcription, we used a TaqMan Gold RT-PCR kit (Applied Biosystems). The reaction mixture consisted of 0.5 µg purified RNA, 1 × TaqMan buffer, 5.5 mM magnesium chloride, 500 µM dNTPs, 1.25 U/µl MultiScribe Reverse Transcriptase, 0.4 U/µl RNase inhibitor, and 2.5 µM oligo d (T) 16. Reaction conditions were 25°C for 10 min, 48°C for 30 min, and then 95°C for 5 min.
Real-time quantitative detection of gene expression was performed using TaqMan Universal PCR Master Mix and 18S rRNA reagents (Applied Biosystems) or β-actin mRNA reagents (Applied Biosystems) and a Bio-Rad CFX96 Real-Time instrument. The reaction mixture consisted of 1 × TaqMan Universal PCR master mix, 50 nM 18S or β-actin primers, 100 nM 18S or β-actin probes, and 5 ng reverse-transcribed product. Reaction conditions were 50°C for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min (40 cycles).
Analysis of gene expression data
For each group of three samples, the average Ct value was obtained: (1) Excel statistical software version 15.27 (161010) was used for regression analysis of data from each group; (2) We compared the Ct values of β-actin mRNA and 18S rRNA at different time points, and then regression analysis was made between the Ct ratio and PMI; (3) The fitting Ct values of the regression equation of β-actin mRNA was subtracted from the fitting Ct value of 18S rRNA in the same sample to obtain the ΔCt value; (4) The ΔCt value of each PMI group was subtracted from the ΔCt value of control group to obtain the ΔΔC value; (5) The 2-ΔΔCt value indicated the relative expression level of β-actin mRNA to 18S rRNA in the same sample, which were plotted as an exponential trend graph and analyzed by Excel software; and (6) Metlab16.0 (METLAB Inc., Natick, MA) was used for interpolation analysis and equation fitting.
results

Cycle threshold values of amplification curves of β-actin mRNA and 18S rRNA in the different temperature groups
To a certain extent, the Ct value reflects the amount of cDNA template in the PCR amplification. A small Ct value indicates that the template quantity is high and vice versa. The results showed that the Ct value of β-actin mRNA was consistently higher than that of 18S rRNA over the entire time period in all temperature groups. During prolongation of PMI, the Ct values of β-actin mRNA and 18S rRNA showed increasing trends [ Tables 1 and 2 ]. Table 3 ]. The results indicated that the rate of relative degradation of β-actin mRNA to 18S rRNA changed from fast to slow with the increase of temperature.
The linear trend plots of the angle degree of the linear equation of β-actin mRNA and 18S rRNA in the different temperature groups were plotted. After correlation analysis by Excel software, the regression equation was obtained: Y = −0.1981x + 2.8605, R 2 = 0.98581. The results showed that the angle degree decreased linearly with increasing temperature, and there was a strong negative correlation between the angle degree and temperature [ Figure 3 ].
Average cycle threshold ratios of β-actin mRNA and 18S rRNA
We compared β-actin mRNAs of the different temperature groups at various time points with the average Ct value of 18S rRNA. The results showed that the Ct ratio of β-actin mRNA to 18S rRNA over the entire time period showed a downward trend with PMI [ Table 4 ].
The linearity trend plots of Ct ratios of β-actin mRNA to 18S rRNA were plotted and analyzed by Excel software. The regression equations for different temperature groups were obtained as follows: among them, 10°C temperature group: Y = −0.0039x + 2.2975, R 2 = 0.35376; 15°C temperature group: Y = −0.0042x + 2.3888, R 2 = 0.28416; 20°C temperature group: Y = −0.0123x + 2.5366, R 2 = 0.82605; 25°C temperature group: Y = −0.0135x + 2.4192, R 2 = 0.90135; and 30°C temperature group: Y = −0.0145x + 2.3534, R 2 = 0.75878. These results A linear trend graph of the β-actin mRNA and 18S rRNA Ct values was plotted and analyzed by Excel software. Then, regression equations for the different temperature groups were obtained as follows: for β-actin mRNA, 10°C temperature group: y = 0.0567x + 21.795, R² = 0.5161; 15°C temperature group: y = 0.0435x + 22.39, R² = 0.61115; 20°C temperature group: y = 0.1116x + 22.252, R² = 0.86278; 25°C temperature group: y = 0.123x + 23.24, R² = 0.84437; and 30°C temperature group: y = 0.1057x + 24.788, R² = 0.56331. In 18S rRNA, 10°C temperature group: y = 0.0448x + 9.4931, R² = 0.91099; 15°C temperature group: y = 0.0401x + 9.3468, R² = 0.65977; 20°C temperature group: y = 0.1324x + 8.2192, R² = 0.88254; 25°C temperature group: y = 0.1599x + 9.1605, R² = 0.94006; and 30°C temperature group: y = 0.1614x + 10.577, R² = 0.83124. The results showed that the Ct values of β-actin mRNA and 18S rRNA increased linearly with PMI at various time points in the different temperature groups and both had a strong positive correlation with PMI [ Figures 1 and 2 ].
Angle degree of the linear equation of β-actin mRNA and 18S rRNA in the different temperature groups
Based on the slope values obtained from the linear regression equations of β-actin mRNA and 18S rRNA in the different temperature groups, we calculated the angle degree of the linear equation of β-actin mRNA and 18S rRNA in the different temperature groups, which showed a gradual group was subtracted from the ΔCt value of control group to obtain the ΔΔC value. Moreover, the 2 −ΔΔCt was obtained as the relative expression level of β-actin mRNA to 18S rRNA in the sample.
The results showed that the relative ratios of β-actin mRNA to 18S rRNA in 10°C and 15°C temperature groups decreased exponentially, whereas the relative ratios in 20°C, 25°C, and 30°C temperature groups showed an exponential increase with the prolongation of PMI [ Table 5 ].
The relative ratios of β-actin mRNA to 18S rRNA were plotted as an exponential trend graph and analyzed by Excel software. Regression equations of the different temperature showed that the Ct ratio of β-actin mRNA to 18S rRNA decreased linearly with PMI at various time points in the different temperature groups [ Figure 4 ].
Relative expression level (relative ratio) of β-actin mRNA to 18S rRNA
To more intuitively reflect the correlation between the relative amount of the two kinds of RNA and PMI, and reduce the error caused by human factors, the fitting Ct values of the regression equation of β-actin mRNA was subtracted from the fitting Ct value of 18S rRNA in the same sample to obtain the ΔCt value. The ΔCt value of each PMI A curved surface diagram of the relationship between temperature, relative ratio, and PMI is shown in Figure 6 . dIscussIon β-actin mRNA and 18S rRNA degradation and postmortem interval RNA includes mRNA, tRNA, and rRNA. Different types of RNA may degrade at different rates, which leads to changes in the ratio of RNA types over time. [8] To test the hypothesis that different types of RNAs decay at different rates in vivo, we compared the relative stability of an mRNA to an rRNA.
Mature β-actin mRNA is mainly contained in the cytoplasm, which is easily degraded and has a short half-life. Electron microscopic observation shows that the polymer of β-actin mRNA is not very compact, there is a clear gap in the middle, so it is easily interfered with by the external environment and its stability is poor. [9] 18S rRNA is ubiquitous in ribosomal protein complexes and has thousands of copies in each cell. Ribosomal proteins can separate RNase and other chemical factors, leaving 18S rRNA relatively stable when cells are not damaged and ribosomes are not dissolved. [10] Therefore, both β-actin mRNA and 18S rRNA were suitable for this study.
In this study, Excel software was used to analyze the Ct changes of β-actin mRNA and 18S rRNA in mouse spleen cells within 72 h after death in different temperature groups. Regression equations were obtained and the results showed that the Ct values of β-actin mRNA were always higher than those of 18S rRNA in all temperature groups, and the Ct values of β-actin mRNA and 18S rRNA increased with PMI. The correlations between the Ct values and PMI were strong, and R 2 ranged from 0.5161 to 0.94006, all of which were > 0.25. Among them, β-actin mRNA had the best correlation with PMI in 20°C and 25°C temperature groups (R 2 = 0.86278 and R 2 = 0.84437), and 18S rRNA had the best correlation with PMI in 10°C and 25°C temperature groups (R 2 = 0.91099 and R 2 = 0.94006). These results confirmed that the Ct values of β-actin mRNA and 18S rRNA increased linearly with prolongation of PMI at various time points in the different temperature groups, and both of them had a strong positive correlation with PMI. groups were obtained as follows: among them, 10°C temperature group: y = 1.0013e −0.008x , R 2 = 0.99963; 15°C temperature group: y = 1.002e −0.002x , R 2 = 0.99608; 20°C temperature group: y = 1.0001e 0.0143x , R 2 = 0.99998; 25°C temperature group: y = 1.0009e 0.0256x , R 2 = 0.99997; and 30°C temperature group: y = 1.0005e 0.0386x , R 2 = 0.99998. The results showed that, with prolongation of PMI, the relative ratio of β-actin mRNA to 18S rRNA in 10°C and 15°C temperature groups showed an exponentially decreasing trend (from an obvious to slow decrease), whereas the relative ratios in 20°C, 25°C, and 30°C temperature groups showed an exponentially upward trend (from slow, faster, and to more pronounced). The changing trend of the relative ratio was significantly related to temperature, indicating that the relative rate of degradation of β-actin mRNA to 18S rRNA showed changes from fast to slow with increasing temperature [ Figure 5 ].
According to the interpolation and fitting analysis of the obtained data, a ternary quintic equation of the relationship between the change in relative ratios and PMI was obtained within a certain temperature range (10°C-30°C): F(x, y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + p21*x^2*y + p12*x*y^2 + p03*y^3 + p40*x^4 + p31*x^3*y + p22*x^2*y^2 + p13*x*y^3 + p04*y^4 + p50*x^5 + p41*x^4*y + p32*x^3*y^2 + p23*x^2*y^3 + p14*x*y^4 + p05*y^5; Coefficients (with 95% confidence 
Angle degree of the linear equation of β-actin mRNA and 18S rRNA with temperatures
Based on the regression equations of the Ct values of β-actin mRNA and 18S rRNA in the above different temperature groups, we can see that the linear slopes of different temperature groups are different, which also confirms the difference in the degradation rate of β-actin mRNA and 18S rRNA after death in mice.
With the increase of temperature from 10°C to 30°C, the angle degree showed a linear downward trend, and there was a strong negative correlation between the angle degree and temperature. It also showed that the degradation rate of β-actin mRNA relative to 18S rRNA changed from fast to slow with the increase in temperature, indicating that mRNA did not always degrade more rapidly than rRNA.
Average Ct ratio of β-actin mRNA to 18S rRNA with postmortem interval
Both RNAs were attenuated in a consistent and predictable manner. By detecting the RNA ratio, the analysis was independent of the sample amount, and detection required only a relatively small sample to be successfully processed. Species specificity of primers and probes helps to eliminate false signals due to contamination. All experimental manipulations occurred simultaneously for both target RNAs in the same tube, which eliminated potential problems such as pipetting errors and differences in enzyme efficiency. In this study, the results showed that the average Ct ratio of β-actin mRNA to 18S rRNA at the various time points in the different temperature groups had a linear downward trend with PMI, and the correlation between them was strong. This result is consistent with the results of Anderson reported that the Ct ratio of 18S rRNA and β-actin mRNA gradually increased with the prolongation of blood mark formation within 150 days at room temperature. [8] In addition, R 2 ranged from 0.28416 to 0.90135, all of which were >0.25. Among them, the average Ct ratios had the best correlation with PMI in 20°C and 25°C temperature groups (R 2 = 0.82605 and R 2 = 0.90135).
Relative expression level (relative ratio) of β-actin mRNA to 18S rRNA
Two of the most common methods to analyze real-time quantitative PCR data are absolute and relative quantifications. The purpose of absolute quantification is to determine the number of molecules of the gene of interest in the sample, the so-called "copy number." The purpose of relative quantification is to determine the relative proportions of genes of interest in two or more samples without knowing their copy number in each sample. In the process of obtaining materials, differing factors such as methods and measurement tools often lead to deviations in the absolute quantification of samples. Therefore, the finding reliable parameter indexes for relative quantification have become the preferred method to infer PMI. The 2 −ΔΔCt method is a convenient method to analyze relative changes in gene expression through real-time-quantitative PCR.
In this study, all temperature groups had a relatively high correlation between PMI and the relative ratio. R 2 ranged from 0.99608 to 0.99998, all of which were much larger than 0.25. Among them, with the prolongation of PMI, the relative ratio of β-actin mRNA to 18S rRNA in 10°C and 15°C temperature groups showed an exponentially decreasing trend (from an obvious to slow decrease), whereas the relative ratios in 20°C, 25°C, and 30°C temperature groups showed an exponential upward trend (from slow, faster, and to more pronounced). The changing trend of the relative ratio was significantly related to temperature, indicating that the relative rate showed changes from fast to slow with increasing temperature. Based on these results, PMI can be well inferred by the temperature change. The method also successfully avoided the deficits in the absolute quantitative method, and the results were more reasonable.
Limitations of this study
We used relative quantitative methods to detect the degradation of β-actin mRNA and 18S rRNA, but we did not detect the integrity of RNA, which can be reflected by the RNA integrity number (RIN). RIN has become the standard method to measure RNA integrity. [11] In addition, the temperature was controlled precisely, which is different from the temperature change of real environmental conditions. Temperature is the main factor influencing PMI inference. In the next step to infer PMI, RIN indicators should be used to assign integrity values to RNA measurements, and it is necessary to operate under natural environmental temperature. Furthermore, this study only explored the degradation of β-actin mRNA and 18S rRNA in spleen cells of the different temperature groups at constant temperature without considering other external environmental factors.
conclusIon
Under the conditions of different and constant temperatures after mouse death, the Ct values of β-actin and 18S, Ct ratios of β-actin to 18S, and relative ratios of β-actin to 18S were significantly correlated with PMI. We also obtained a ternary quintic equation of the relationship between the change in relative ratios and PMI, which can be used to infer PMI within a certain temperature range (10°C-30°C). 
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